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1. INTRODUCTION 

Recent years, varied spectrum standards for different technologies require multi-function 
characteristic to support multi-service for only one terminal [1]. Reconfigurable antenna with the advantage of 
multifunctional capabilities has attracted many researchers all over the world for modern wireless 
communication [1]-[4]. There are several types of single as well as hybrid or compound reconfigurable antenna 
which can tune collectively various parameters of an antenna. For single function reconfiguration, there are 
polarization, radiation pattern, and frequency reconfigurable antenna. For multi-function reconfiguration, there 
are radiation pattern and frequency; bandwidth and frequency; polarization and frequency; polarization, 
radiation pattern, and frequency; reconfigurable antenna. Besides, depending on the way to adjust antenna 
operation by switches, there are some popular ways due to their small size, low cost, and fast switching. They 
are using PIN diode, applying varactor or proving RF micro-electromechanical systems (MEMS) [3]. Many 
reconfigurable antenna studies for advanced communication systems have been reported in recent years [1], 
[2], [4]-[23]. Some research are frequency and bandwidth ones, a few are polarization and frequency or 
polarization and radiation pattern ones. There are several frequency multiband ones [1], [4]-[7]. However, 
frequency and radiation pattern reconfigurable antennas are the most popular because the compound of beam 
switching and frequency changing offer remarkable efficiency in spectrum [1], [2], [8]-[13]. 

Ahmad et al. [8] present a multiband 5G antenna with multi-reconfiguration function. The antenna 
achieves six frequency bands for switching and seven beams for steering but the number of the PIN diode is 
eight. The higher quantity of high-quality active elements are the higher antenna payment are and the more 
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complex control circuitry and biasing networks are [1]. This is why it is not easy to fabricate these designs in 
reality. Itis also the disadvantage of the antenna with diode-loaded ELC resonators [11]. Palsokar and Lahudkar 
[9] use only one PIN diode, and apply two switches for their designs [10]. However, the frequency bands and 
beams that these antennas can change are small. It is the drawback of three PIN diode antenna [12] which the 
number of switching frequency is three, and the flexible one [13] which the number of shifting phases is two. 

In this work, we proposed a compound dual-band reconfigurable antenna for 5G/ IoT devices. The 
antenna consists of three PIN diodes that can change antenna operating frequencies from different dual-band 
to other ones of (1.9 GHz and 4.7 GHz), (2.55 GHz and 4.7 GHz), (2.6 GHz and 5.5 GHz), and (3 GHz and 
5.6 GHz). The operating bands are cover popular bands of 5G/IoT below 6 GHz applications such as 1.9 GHz, 
2.4/2.6 GHz, 3.5 GHz, 5 GHz, and 5.6 GHz. Besides, the radiation pattern is steered along +161° at 1.9 GHz, 
+110° and 180° at 2.55 GHz, +144° and +148° at 4.7 GHz, 0° and 180° at 5.6 GHz. In particular, the proposed 
antenna can scan beam along with one of five directions of +158°, +163°, and 170° at 5 GHz. With the novel 
shape of open double ring, the antenna not only gets a compact size which can be fitted on a small form factor 
but also can suitable for multiple technologies. 

The main paper is divided into three parts as; the antenna structure and the reconfigurable features are 
presented in section 2. The simulated results are studied and discussed in section 3.1 while the fabricated 
antenna and its measurement are analyzed in section 3.2. Finally, section 5 is the conclusion of our study. 


2. ANTENNA STRUCTURE AND RECONFIGURABLE FEATURES 

The antenna shape has an important role determining the antenna’s characteristics [24]. Changing the 
the position of the radiating patch and electrical length and by switches is the popular way to get reconfiguration 
features of a reconfigurable antenna [3]. In our work, we need three PIN diodes to switch three different parts 
of the open double-ring structure to change the radiation direction and electrical length. It is why, the antenna 
can be switched to the desired beams as well as the frequencies. 


2.1. Open double-ring structure 

The proposed open double-ring antenna includes two open rings and three PIN diodes which is placed 
as demonstrated in Figure 1. Firstly, based on the method to calculate the parameters of the disk antenna. The 
draft radius of open double ring is determined because both antenna have the similar type of radiation fields 
[24]. Then, we optimize the radii using CST software. For the TMnm mode, the operating frequency can be 
decided as: 


— Xnme 


fam T onr Ver (1) 
where fam is the resonnant frequency at TMam mode, Xnm is the m" zero of Bassel function of order n Jn’ (ka), 
c is the speed of light in a vacuum, r is the effective radius, and £, is the dielectric constant of the substrate. It 
is proven that the mode corresponding to n=m=/ has a minimum radius or operating frequency and it is called 


the dominant mode. That is why the TM1; mode is popularly chosen to calculate the radius of a disk (r) for a 
desired operating frequency as: 


2h Ta 1/2 
r= afı + (inZ + 1.7726)} (2) 
where A is the thickness of the dielectric, a is determined from the basic relation as following: 
X= ke (3) 


and k is obtained by (4): 


pagal (4) 
Ao 


After calculating and optimizing by CST software, the detailed dimensions of our open double ring 
antenna are presented in Table 1. 
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Wi Wg 
(a) (b) 
Figure 1. Geometry of the proposed open double ring antenna (a) radiation plane and (b) ground plane 
Table 1. The detailed dimensions of the open double ring antenna 


Parameter Ws Ly Wr Wo L Tı T2 T3 T4 
Size (mm) 30 30 2.9 6.1 3 6 8.1 11 13.5 


2.2. PIN diode switching 

PIN BAP65-02 diode is popular to become the switch of the reconfigurable antenna because of their 
low cost, ease of usage, and small size [25]. Thus, we also using PIN BAP65-02 diode to provide the switching. 
Based on suitable polarity voltage, the PIN diode can be turned on the activate state or not (ON or OFF state). 
These states of the PIN BAP65-02 diode is obtained via inductor L, resistance RS, RP, and capacitor CT are 
illustrated in Figure 2. 


Cr 


(b) 


Figure 2. The equivalent of BAP65-02 (a) ON state (b) OFF state 


The ON state of PIN diode is determined by inductor L and series resistor Rs while the OFF state is 
get by a series inductor L connecting with a parallel circuit which includes a capacitor Cr and a resistor Rp. 
The parameters of the RLC circuit in the both states of PIN diode are reported in Table 2. It is clearly seen that 
the lower value of Rs in the series RL circuit lets the current go from the feeding line to the radiation elements 
while the higher value of Rp, Cr in the RLC circuit prevents the current from moving between the feeding line 
and the radiation element. 


Table 2. The values of RLC circuit in PIN BAP65-02 
Parameters L Cr Rs Rp 
Value 0.6mH  0.5pF 1Q 20kQ 
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2.3. The compound reconfigurable antenna 

From Figure 1, it is obvious that the open outer ring element is divided into two symmetrical radiation 
parts by D1 and D3 PIN diode. D2 PIN diode is used to connect the open inner ring with the total or apart of 
the open outer ring as well as the feeding line. Basing on the state of active or inactive (ON or OFF) of three 
PIN diodes, the radiation element and its position are changed. It is the reason that the proposed antenna can 
achieve varied resonant frequencies and the varied directions of these bands can be obtained as illustrated in 
Table 3. 


Table 3. The six reconfigurable states of the open double ring antenna 


Reconfigurable PIN diode Badiationélemeni Resonant Operating Radiation 
state D1 D2 D3 frequency (GHz) band (GHz) direction 
State 1 ON OFF OFF The right part of outer open 1.9 1.86-1.96 -161° 
ring 47 4.3-5.16 144° 
State 2 OFF OFF ON The left part of outer open 1.9 1.86-1.96 161° 
ring 47 4.3-5.16 -144° 
State 3 ON ON OFF The right part of outer open 2.55 2.37-2.77 110° 
ring and inner ring 47 4.3-5.16 148° 
State 4 OFF ON ON The left part of outer open 255 2.37-2.77 -110° 
ring and inner open ring 4.7 4.3-5.16 -148° 
State 5 ON OFF ON The outer open ring 2.6 2.3-2.9 180° 
5.54 4.9-6 0° 
State 6 ON ON ON Both open rings 3 2.56-3.73 180° 
5.6 5.08-6 147° 


It can obvious that depending on the number of the active PIN diode, antenna operating frequencies 
can change from different dual-band to other ones. They are (1.9 GHz and 4.7 GHz), (2.55 GHz and 4.7 GHz), 
(2.6 GHz and 5.5 GHz), and (3 GHz and 5.6 GHz). These operating bands are cover six popular bands of 
SG/IoT below 6 GHz applications such as 1.9 GHz, 2.4/2.6 GHz, 3.5 GHz, 5 GHz, and 5.6 GHz. Besides, the 
radiation pattern is steered along +161° at 1.9 GHz, +110° and 180° at 2.55 GHz, +144° and +148° at 4.7 GHz, 
0° and 180° at 5.6 GHz. Thus, the proposed antenna can achieve double reconfiguration features of the dual- 
band antenna. They are frequency and radiation pattern reconfigurable ones. 


3. RESULT ANALYZING AND DISCUSSION 

Here is the simulated and measured result analyzing and discussion of antenna’s characteristics. In 
section 3.1, the simulated results are performed on the CST MICROWAVE STUDIO commercial software 
that includes the S11 parameters in different states of the switch using the PIN diode corresponding to the 2D 
radiation patterns. After that, the reflection coefficient results on the VNA are present in section 3.2. 


3.1. Simulated results 
3.1.1. Frequency dual-band reconfiguration 

The S11 parameters of the open double ring antenna with one, two, and three active PIN diodes (ON 
state) are presented in Figure 3. Using only one active PIN diode, the antenna can operate at State 1 or State 2. 
In both cases, the electrical length is the same which equal to half of the outer ring. Thus, there are two resonant 
frequencies as seen in Figure 3(a). They are 1.92 GHz and 4.72 GHz. We can determine these operating 
frequencies of the proposed antenna though analysis of antenna structure and a rough calculation basing on (5). 
For example, the high band can achieve when the electrical current concentrates on the right/left outer curve 
of the ring shape. It is calculated as: 


— 1.84118*3.108 
azi ay 
2m*(13.5*5+2.5).1073+V4.3 


fa = 4.58 GHz (S5) 


If two PIN diodes are active, the electrical length is changed. At State 3 and State 4, the radiation 
element includes half of the outer ring and the inner one. Thus, from the Figure 3(b), we can see the resonant 
frequency at the high band is unvaried while it moves to 2.55 GHz at the low one. At State 5, we can see from 
the Figure 3(c) that the shape of the radiation patch is shifted to the total outer ring, so both operating bands 
are changed. In this case, dual bands are 2.6 and 5.5 GHz. When all three PIN diodes are active, the 
reconfigurable antenna is at State 6. In this way, the radiation structure consists of both open rings hence the 
antenna bandwidths are opened, and the resonant frequencies are drifted as shown in Figure 3(d). From 
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Figure 1 and Figure 3, it is concluded that the dual-band antenna can change from two operating bands to other 
ones when the number of the active PIN diode is changed. 


S-Parameters [Magnitude in dB] 


S-Parameters [Magnitude in dB) 


6, ( 2.5539, -34.864 ) 
& ( 4.771, -18.744 ) 


1 15 2 25 3 35 4 4.5 5 55 6 í I 
Frequency / GHz Frequency / GHz 
(a) (b) 


S-Parameters [Magnitude in dB] 


i 1 15 2 25 3 3.5 4 45 5 5.5 6 
Frequency / GHz 


(c) 


Figure 3. S11 parameters of the open double ring antenna with different active PIN diode; (a) one active PIN 
diode, (b) two active asymmetric PIN diodes, (c) two active symmetric PIN diodes, and (d) three active PIN 
diodes 


3.1.2. Radiation pattern reconfiguration 
Depending on the active PIN diode position and the number on the antenna structure, the antenna 


radiating directions are changed to make radiation pattern reconfiguration as illustrate from the Figure 4(a) to 
Figure 4(d). 


Figure 4. The simulated 2D radiation pattern at different operating frequency (a) 1.9 GHz and (b) 2.55 
GHz 
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State6 39 30 


State 1 State 2 


Figure 4. The simulated 2D radiation pattern at different operating frequency (c) 4.7 GHz (d) 5.6 GHz and (e) 
5 GHz (continue) 


The antenna operates at 1.9 GHz at State 1 and State 2 as shown in Table 3. It can be seen from 
Figure 4(a) that if PIN diode D1 is active, the 2D radiating direction is -161° and it is switched to +161° in case 
only PIN diode D2 is ON. At 2.55 GHz resonant frequency, the antenna steers beam along +110° and 180° at 
State 3, State 4, and State 5 respectively as shown in Figure 4(b). These directions are achieved by different of 
turning ON two of three PIN diodes. The same beam switching is gotten when the antenna operates at the 2.4 
GHz/ 2.6 GHz band. The antenna operates at 4.7 GHz at four states so that it can scan the beam in four different 
directions of +144° and +148° as shown in Figure 4(c). It is the same when we see the Figure 4(d), the antenna 
can steer beam along 0° and 180° at 5.6 GHz resonant frequency. As seen from Figure 3, there are five states 
that antenna can operate at 5 GHz band. They are form State 1 to State 5. It means that at this band, the antenna 
can scan the beam along with five different directions of +158°, +163°, and 170° as shown in Figure 4(d). Thus, 
it is concluded that by changing the number and the position of the active PIN diodes, the dual-band antenna 
can change the radiating direction at all six operating bands and the maximum beams that the antenna can steer 
are five at the 5 GHz band. 


3.2. Measured results 
The compound reconfigurable antenna is fabricated by FR4 substrate with a height of 1.6 mm. After 
that it is measured by VNA. The total size of fabricated antenna is 30x30x1.6 mm? as illustrated in Figure 5. 


Figure 5. The fabricated compound reconfigurable antenna (a) radiation plane and (b) ground plane 
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The measured S11 parameters of the open double ring antenna with one, two, and three active PIN 
diodes are presented in Figure 6. The measured and simulated results are similar each other. The antenna can 
to switch from double operating band mode to other ones. For S11 parameters under -10dB, the antenna obtains 
an impedance bandwidth in 1.92 GHz (26%), 2.55 GHz (15.69%), 2.6 (53.8%), 3 GHz (39%), 4.8 GHz 
(40.8%), 4.9 GHz (18.2%), and 5.2 GHz (38%). 


S11 (dB) 


1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 
Frequency (GHz) Frequency (GHz) 


(a) (b) 


$11 (dB) 


| 
i 
3 3.5 4 45 5 55 6 3 35 

Frequency (GHz) Frequency (GHz) 


(c) (d) 


Figure 6. Simulated coefficient of the open double ring antenna with different active PIN diode; (a) one 
active PIN diode, (b) two active asymmetric PIN diodes, (c) two active symmetric PIN diodes, and (d) three 
active PIN diodes 


The Table 4 is the comparison of our antenna and several recently reported frequency and radiation 
pattern reconfigurable antennas. We can noted that the volume of almost all antennas [9]-[11], and [13] is 
larger than our antenna in this work. Although the total size of antennas in [8] and [12] are small-scale, they 
still have a bigger dimension because their lower resonance are 2.6 GHz and 3.1 GHz when the proposed 
antenna is 1.9 GHz. In addition, the open double ring antenna use only three switches to get the max beam 
shifting of 5 and can change from dual-band to other ones of six well-known wireless bands below 6 GHz. 


Table 4. The comparison of performance antenna between recently published frequency and radiation pattern 
reconfigurable ones and this study 


5 2 Operating frequency ; Reconfigurable Freq. Max beam number per 
nee (Size(mm) (GHz) Operations state/switches number frequency 
[8] 27x30 2.6; 3.5; 4.2;4.5;5;5.5 Single band; dual band 17/8 6 7 
[9] 58x66 2.47; 3.8; 5.36 Single band; dual band 2/1 3 2 
[10] 50x40 1.8;2.1;2.45 Single band; dual band 4/2 3 3 
[11] 29x34 1.8; 2.1;2.2; 2.4; From single band to 14/5 multiple 5 

2.6;3.5;4;5 quad band 
[12] 23x31 3.1; 6.8 dual band 4/3 2 4 
[13] 40x50 1.8; 2.1; 2.4 Single band; dual band 4/2 multiple 2 
This 30x30 1.9; 2.4; 2.6; 3.5; dual band 6/3 6 5 
work 4.7;5;5.6 
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4. CONCLUSION 

A frequency and radiation pattern reconfigurable antenna is designed for IoT, 5G and for other below 
6 GHz applications. Basing on three PIN BAP65-02 diodes, the open double ring antenna gets four 
reconfigurable frequency states for changing from dual-band operating to others of six popular bands of 1.9 
GHz, 2.4 GHz, 2.6 GHz, 3.5 GHz, 5 GHz, and 5.6 GHz. Depending on the position and number of active PIN 
diodes, the antenna can scan the beam along from two to five directions at six different frequencies. Using the 
FR4 substrate, the antenna achieves a small size of 30x30x1.6mm° with an open-double ring structure. It is 
easy to fabricate by printed technique. Thus it can be suitable for future 5G/IoT devices. 
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